An important class of integral membrane proteins, cotransporters, couple solute transport to electrochemical potential gradients; e.g., the Na+/glucose cotransporter uses the Na+ electrochemical potential gradient to accumulate sugar in ceils. So far, kinetic analysis of cotransporters has mostly been limited to steady-state parameters. In this study, we have examined pre-steady-state kinetics of Na+/glucose cotransport. The cloned human transporter (hSGLT1) was expressed in Xenopus oocytes, and voltageclamp techniques were used to monitor current transients after step changes in membrane potential. Transients exhibited a voltage-dependent time constant (Xr) ranging between 2 and 10 ms. The charge movement Q was fitted to a Boltzmann relation with mamal charge Q. of =20 nC, apparent valence z of 1, and potential Vo.s of -39 mV for 50% Q.. Lowering external Na+ from 100 to 10 mM reduced Q.,. 40%, shifted Vo.s from -39 to -70 mV, had no effect on z, and reduced the voltage dependence of T. Q. was independent of, but was dependent on, temperature (a 10°C increase increased X by a factor of ""2.5 at -50 mV). Addition ofsugar or phlorizin reduced Q",. Analyses of hSGLT1 pre-steady-state kinetics indicate that charge transfer upon a step of membrane potential in the absence of sugar is due to two steps in the reaction cycle: Na+ binding/dissociation (30%) and reorientation of the protein in the membrane field (70%). The rate-limiting step appears to be Na+ binding/dissociation. Qm. provides a measure of transporter density (=104/pm2). Charge transfer measurements give insight into the partdal reactions of the Na+/glucose cotransporter, and, combined with genetic engineering of the protein, provide a powerful tool for studying transport mechCotransporters are membrane transport proteins widely expressed in bacterial, plant, and animal cells (1, 2) which couple the transport of sugars, amino acids, neurotransmitters, osmolytes, and ions into cells to electrochemical potential gradients (Na+, H+, Cl-). An important example is the Na+/glucose cotransporter, which is responsible for the "active" accumulation of sugars in epithelial cells of the intestine.
Cotransporters are membrane transport proteins widely expressed in bacterial, plant, and animal cells (1, 2) which couple the transport of sugars, amino acids, neurotransmitters, osmolytes, and ions into cells to electrochemical potential gradients (Na+, H+, Cl-). An important example is the Na+/glucose cotransporter, which is responsible for the "active" accumulation of sugars in epithelial cells of the intestine.
In recent electrophysiological experiments designed to measure steady-state kinetic properties of the cloned Na+/ glucose cotransporter (SGLT1) expressed in Xenopus oocytes we observed pre-steady-state currents (3, 4) . These pre-steady-state currents were central in formulating a detailed quantitative nonrapid equilibrium six-state kinetic model of Na+/glucose transport (5) . This model (see Fig. 4A ) assumes a valence of -2 for the transporter and that translocation of the empty transporter and Na+ binding are both voltage dependent. The kinetics are ordered, with two Na+ ions binding prior to the binding of sugar. The fully loaded transporter then reorients in the membrane and releases sugar and Na+ to the cytoplasm, and the cycle is completed
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by the reorientation of the empty sugar and Na+ binding sites back to the external face of the membrane. According to this model, pre-steady-state currents observed after a voltage step are due to the charge transfer involved in the dissociation ofexternal Na+ (Fig. 4A) .
Here we have isolated the SGLT1 pre-steady-state currents, using a fast two-electrode voltage clamp, and have determined their kinetics as a function of voltage and Na+ and sugar concentrations. The results enable us to estimate the number of transporters in the membrane, the apparent valence of the voltage sensor, and rates for the voltagedependent steps in the transport reaction cycle (see Fig. 4A ). Analysis ofpre-steady-state currents, therefore, represents a powerful experimental approach to understanding the mechanisms for the transport of solutes into cells by cotransporters.
MATERIALS AND METHODS
Human SGLT1 (hSGLT1) (6) was expressed in Xenopus laevis oocytes, and experiments were performed on oocytes 5-14 days after injection of complementary RNA (cRNA). Membrane currents were measured by using a two-electrode voltage clamp (3, 4) , but in this series of experiments we used a faster clamp amplifier (settling time of 0.5 ms for a 100-mV step). The interior of the oocyte was maintained at virtual earth potential (7) . Microelectrodes with resistances of 1-2 and 0.5-1 MQl were used for the voltage recording and injection of current, respectively.
Step changes in membrane potential (V.') from the holding potential (Vh) were applied and currents were averaged from 15 sweeps. The currents were low-pass filtered at S kHz by a nine-pole Bessel filter, digitized at 26 us per point, and displayed at 52 us per point.
Oocyte membrane capacitance (C.l) was determined from the slope of the Q versus voltage relation for 10-to 20-mV hyperpolarizing pulses from Vh (-100 mV). In control H20-injected oocytes current relaxations showed a single time constant (Tr 0.5 ms; cf. Fig. 1C) , and the integral of the capacitive transients was a linear function of the voltage step (Vt -Vh). The capacitance ranged between 175 and 250 nF per oocyte, comparable to that reported previously (8) . In cRNA-injected oocytes, the total current relaxation showed two components for depolarizing pulses (see also figure 1A of ref. 3 and figure 7A of ref. 4): the capacitive current (xr 0.5 ms) and the transient currents due to hSGLT1 (T 2-10 ms).
The integral of the total current relaxation was a nonlinear function of voltage. To isolate hSGLT1 transient currents three methods were used: (i) the standard P/4 protocol (9) with a subpulse holding potential of -100 mV; (ii) a phlorizinblock method in which currents were measured in the presence and absence of phlorizin (see figure 7B of ref. 4) Abbreviations: SGLT1, Na+/glucose cotransporter; hSGLT1, human SGLT1; cRNA, complementary RNA; aMeGlc, a-methyl D-glucopyranoside.
Proc. Natl. Acad. Sci. USA 90 (1993) (phlorizin is a specific inhibitor of Na+/glucose cotransport); and (iii) a fitted method, in which the total current I(t) was fitted tol(t) = Iie-/tl + I2e-t/2 + I. (figure 8 of ref. 4) , where I, is the capacitance current with time constant al, t is time, ' 2 is the SGLT1 transient current with time constant r2, and I., is the steady-state current. Transient currents and the total charge Q (integral of the transient current) due to hSGLT1 were similar for all methods (see Fig. 1D ). However, we routinely used the fitted method, as in the presence of sugar the P/4 method could not be applied because the background currents (due to the steady-state inward Na+ currents via the cotransporter) were nonlinear (see figure 2A of In general, each of the results described was for experiments carried out in one oocyte, but all were performed at least three times on oocytes from different donors.
Oocytes were bathed in a buffer containing (mM): 100 NaCl, 2 KCI, 1 CaCl2, 1 MgCl2, and 10 Hepes (pH 7.4). The composition of the bathing solution was varied by replacing NaCl (100-0 mM) with choline chloride, adding sugar (amethyl D-glucopyranoside, aMeGlc) and/or phlorizin (see text and figure legends).
RESULTS
Fig . 1A shows current records in a cRNA-injected oocyte bathed in NaCl buffer without sugar. Stepping the membrane potential from the holding potential (Vh = -100 mV) to the test potential (Vt = -150 to +50 mV) induced current transients (time constant r 2-10 ms) distinct from capacitive current spikes (x-0.5 ms). Transient currents were never observed in control H20-injected oocytes (see figure  1A of ref. 4) . Subtraction of capacitive and steady-state currents yields the transient current due to hSGLT1 (Fig.  1B) . The relaxation time constants T of the transients were voltage dependent, ranging from 8 ms at Vt = -50 mV to 2 ms at Vt = +50 mV (Fig. 1C ). In the off response, Tr(9 ± 0.5 ms, n = 7) was independent of Vt (D in Fig. 1C ). The time constant due to the oocyte membrane capacitance (* in Fig.  1C ) was relatively insensitive to voltage. Charge transfer Q for the on response is similar when the P/4 and the fitted methods are used (Fig. 1D) . Q for the on and off responses is shown in Fig. 1E . At Vh = -100 mV, Q was equal for the on and off responses and saturated with Vt. limits, and varied with Vh. F, Faraday's constant; R, the gas constant; T, absolute temperature; VO.s, the potential for 50o charge transfer; and z, the apparent valence of the movable charge. All data were from a single Xenopus oocyte injected with cRNA coding for hSGLT1 (6) . The oocyte was bathed in a 100 mM NaCl solution without sugar at 25°C.
records, Fig. 2B ) and reduced Qm. (Fig. 2C) (3, 4, 10) . The line was a linear regression, and the slope was 84 ± 7 s-1. This experiment was carried out on a hSGLT1 cRNA-injected oocyte as in Fig. 1, at 20°C . Cm was 215 nF. Ko.5 and 1maz for the sugar-induced steady-state current were 0.8 mM and 1.5 ,uA at Vt = -150 mV. from 100 to 10 mM there was a 40% decrease in Q., no effect on z, and a shift in VO.5from -39 to -70 mV (Fig. 3A) .
Furthermore, as [Na]O was decreased there was a reduction in the current relaxation time constant x, especially at more negative values of Vt (Fig. 3B) ; lowering [Na]O therefore reduced the voltage dependence of T. Charge transfer was also observed on oocytes bathed in the nominal absence of external Na+, but we were unable to determine Q. because Q did not saturate at the largest hyperpolarizing potential applied (-190 mV).
Finally, hSGLT1 transient currents and charge transfer were measured as a function of temperature. Between 20 and 30°C there was no significant effect on Q. (Fig. 3C ), but r decreased as the temperature increased (Fig. 3D) figure 1 of ref. 4) ; (ii) charge movements (Q) measured during the onset and off of the voltage pulse are equal and opposite (Fig. 1E) ; (iii) Q saturates with either hyperpolarization or depolarization (Fig. 1E) ; (iv) reversal of Q occurs at the holding potential Vh (Fig. 1E) ; and (v) Qm. is directly proportional to the number of functional hSGLT1 proteins expressed. Q. values of =25 nC per oocyte correspond to zlOll carriers per oocyte or =104/4m2. This is comparable with the density of Halobacterium rhodopsin, sarcoplasmic reticulum Ca-ATPase, and Torpedo acetylcholine receptors (13) . Furthermore, Q. is (vi) independent of holding potential (Fig. 1E) ; (vii) apparently eliminated by saturating sugar concentrations (Fig. 2 A and D) and phlorizin (unpublished data; figure 7 of ref. 4); and (viii) independent of temperature (Fig. 3C) . The rate of charge transfer is, however, temperature dependent, with a Qio of2.5 for T (Fig. 3D) .
The sugar-dependent reduction in Qm,, (Fig. 2A) indicates that there is a partition of hSGLT1 into a non-voltagedependent state(s). The shift in V0.5 with [Na]O (Fig. 3A) suggests that the distribution of conformations of hSGLT1 in the membrane is dependent on [Nab,-i.e., the higher the [Na]o, the greater the percentage of SGLT1 proteins facing the external membrane surface.
What is the origin of the SGLT1 charge movement? This can be discussed in terms of the six-state ordered kinetic model (Fig. 4A) proposed for the Na+/glucose cotransporter (5). The model assumes that (i) on both membrane surfaces, the transporter can be empty (C), loaded with Na+ (CNa2), or fully loaded with Na+ and sugar (SCNa2); (ii) the transporter has a valence of -2; (iii) the transporter binds to two Na+ ions to form an electroneutral CNa2 . Two Na+ ions bind to the carrier (valence, -2) before the binding of sugar. The empty carrier C, the Na+-loaded carrier CNa2, and the sugar-loaded carrier SCNa2 can cross the membrane. Membrane voltage affects Na+ binding with the carrier and translocation of the empty carrier across the membrane. Since transient charge transfers are eliminated by transported sugars (Fig. 2) (4, 10) . The three-states reaction scheme is described by four rate constants, k12, k21, k16, and k61, and two constants, a' and 8, representing the fraction of the electrical field across the membrane influencing Na+ binding and translocation of the empty carrier. We also assumed that there is no voltage dependence for internal Na+ binding-i.e., a' = 0. Thus a' + 8 = 1 (5) . Phlorizin (12, 14) . These kinetic parameters determined from charge transfer measurements alone are in close agreement with those previously determined to account for the global electrical properties of the rabbit cotransporter (5); i.e., a' = 0.3, 8 = 0.7, k21 = 500 s-1, k12 = 80,000 s-LM-2, k16 = 35 s-1, and k61 = 5 s-1. The most obvious difference is in k16/k21 > 1 (human) vs. < 0.1 (rabbit). The two sets of rate constants can account for the difference between the voltage dependence of Tin the two species: Tincreases with depolarization for rabbit SGLT1 (see figure 9A ofref. 4), while it decreases with depolarization for hSGLT1 (Fig. 1C) . The difference in the primary amino acid sequences between the rabbit and human cotransporters (85% identity, 94% similarity, see ref.
2) must account for this kinetic difference.
In conclusion, we have demonstrated that charge movements can be recorded for the Na+/glucose cotransporter and that these pre-steady-state currents provide estimates of both the number of functional carriers in the membrane and the rates of steps (k16, k6j, k12, and k21) in the transport cycle.
Charge translocations have also been recorded for the cardiac Na+/K+ pump (15) and for the cloned Na+/myoinositol (16, 17) and Na+/Cl-/y-aminobutyrate cotransporter expressed in oocytes (18) . This indicates that transient currents may be a general property of membrane pumps and transporters. Combining charge transfer measurements with genetic engineering of cloned transport proteins can therefore be expected to provide a powerful tool for studying transport mechanisms.
